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Among all machining operations, drilling using twist drill is the most frequently applied for secondary machining of composite
materials owing to the need for structure joining. Delamination is mostly considered as the principal failure model in drilling of
composite materials. Drill wear is a serious concern in hole-making industry, as it is necessary to prevent damage of cutting tools,
machine tools and workpieces. The industrial experience shows the worn drill causes more delamination. This paper presents a
comprehensive analysis of delamination caused by the drill wear for twist drill in drilling carbon fiber-reinforced composite materials.
The critical thrust force at the onset of delamination for worn drill is predicted and compared with that of ideal drill. The experimental
results demonstrate that though the critical thrust force is higher with increasing wear ratio, the delamination becomes more liable to
occur because the actual thrust force increases to larger extent, as the thrust factor (Z) illustrates. Compared to sharp drill, the worn twist
drill allows for lower feed rate below which the delamination damage can be avoided.
r 2007 Elsevier Ltd. All rights reserved.
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Among all machining operations, drilling using twist
drill is the most frequently applied for secondary machin-
ing of composite materials owing to the need for structure
joining. In the aerospace industry, drilling accounts for
nearly 40% of all the metal-removal operations [1]. Drill
wear is a serious concern in hole-making industry, as it is
necessary to prevent damage of cutting tools, machine
tools and workpieces. Many researchers have studied the
processes parameter for the progress of tool wear [2–8].
Sakuma and Seto [9] point out that there is a strong
correlation between the rapid rising of the cutting
temperature and the existence of the critical speed causing
drastic tool wear. During a machining process, such as
drilling, the cutting edges are subjected to forces, high
temperature and sliding wear. Tool wear depends on the
type of tool, work material, cutting conditions ande front matter r 2007 Elsevier Ltd. All rights reserved.
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ing author.
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nthu.edu.tw (H. Hocheng).lubricant selected. Traditionally, tool wear is measured
with the toolmakers microscope under laboratory condi-
tions. The cutting edges become progressively blunt as the
machining time increases. The quality of the workpiece also
deteriorates [4]. In general, the failure of the twist drills
occurs in one of two modes: (1) fracture or chipping and (2)
excessive wear [10].
One of the most promising techniques for indirect
detection of tool wear appears to be the measurement of
cutting forces. The force signals are highly sensitive carriers
of information about the status of the machining process
and, hence, they are the best alternatives to tool wear
monitoring. Even though it has been agreed among many
investigators that the change of tool forces represents an
accurate and reliable approach to assess tool wear and
failure, disagreement still exists as to which component of
the cutting force is the most sensitive and reliable. Li and
Tso [11] develop a model on the relationship between the
current signals and the cutting parameters established
under different tool wear states with a partial experimental
design and regression analysis. Kim et al. [12] examines and
proposes the method of on-line drill wear estimation based
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process. Oh et al. [13] investigated the effect of cutting
torque control on drill flank wear. Ertunc and Oysu [14]
utilize hidden Markov models (HMM), the phase plane
method, the transient time method and the mechanistic
approach for real-time identification of tool wear status
based on cutting force and torque measurements from
dynamometer during metal drilling. Morin et al. [15] found
that a linear relation between both thrust and torque
against flank wear in the drilling of metal–matrix
composites. Abu-Mahfouz [16] presents the development
and implementation of the learning vector quantization
(LVQ) and the fuzzy learning vector quantization (FLVQ)
neural networks for estimating the flank-land wear size of a
twist drill. A summary of methods applied to tool
condition monitoring in drilling was provided [17].
Delamination is mostly concerned as the principal failure
mode in drilling of composite materials. This paper
presents a comprehensive analysis of delamination caused
by the drill wear for twist drill in drilling of carbon fiber-
reinforced composite materials. The critical thrust force at
the onset of delamination is predicted and compared with
the ideal drills.
2. Mathematical analysis
In drilling of composite laminates, the uncut thickness to
withstand the drilling thrust force decreases as the drill
approaches the exit plane. The laminate at the bottom may
get separated from their interlaminar bond around the
hole. At some point, the loading exceeds the interlaminar
bond strength and delamination occurs. Fig. 1 depicts the
model of drilling in composite materials.
The drilling-induced delamination can be analyzed by
classical plate-bending theory and linear elastic fracture
mechanic. The applicability of fracture mechanics to
conventional isotropic materials has been well demon-
strated in the early reference [18]. The possible mechanisms










Fig. 1. Circular plate model for delamination analysis (sharp twist drill).and the critical thrust and cutting force leading to the onset
of delamination are predicted [19]. In Fig. 1, the center of
the circular plate is loaded by a twist drill of diameter d. FA
is the thrust force, X is the displacement, H is the
workpiece thickness, h is the uncut depth under tool and
a is the radius of delamination.
At the propagation of delamination, the drill movement
of distance dX is associated with the work done by the
thrust force FA, which is used to deflect the plate as well as
to propagate the interlaminar crack. The energy balance
equation gives
GICdA ¼ F AdX  dU , (1)
where dU is the infinitesimal strain energy, dA is the increase
in the area of the delamination crack and GIC is the critical
crack propagation energy per unit area in mode I.
The isotropic bahavior and pure bending of the laminate
are assumed in the model. In Eq. (1), one notes that
dA ¼ pðaþ daÞðaþ daÞ  pa2 ¼ 2pada. (2)
For a circular plate subject to clamped ends and a





where M ¼ Eh3/12(1–v2) is flexural rigidity of the plate, E is



















To avoid delamination, the applied thrust force should not
exceed this value, which is a function of the material
properties and the uncut thickness. The thrust force can be
correlated with feed rate. When the uncut thickness
progressively decreases, the strategy will be to drill as fast
as practically permissible in the beginning, and the feed
rate should be gradually reduced as the tool approaches to
the exit.
For a laminate subject to a uniformly distributed load
caused by the wear chisel edge for twist drill (Fig. 2), the
following analysis is available [20]. The outer and inner
deflection of a circular plate of radius a, which is clamped
and subjected to a uniformly distributed load caused by the
worn chisel edge on twist drill over a central circular area






























Fig. 2. Circular plate model for delamination analysis (worn twist drill).

















where FW ¼ pb
2q.Chuck
The stored strain energy is:Drill(i)Workpiece
Fixture Dynamometer
























































































The critical thrust force FW of the worn drill at the









where x ¼ b/a. The comparison of FW and FA in Eqs.








q . (11)3. Experimental set-up3.1. Specimen
The laminate specimens were made of woven WFC200
fabric carbon fiber prepregs by autoclave molding. The
stacking sequence of the laminates was [0/90]12s. The
laminates are cured in an autoclave at 150 1C and 600 kPa.
Twenty-four lamina makes the plate thickness 6mm. The
fiber volume fraction is 0.55, the modulus of elasticity (E1)
is 18.4GPa, the energy release rate (GIC) is 140 J/m
2 and
Poisson’s ratio (n) is 0.3.
3.2. Drilling test
The drilling experiments were performed on a LEAD-
WELLMCV-610AP vertical machining center in which the
thrust force was obtained from a Kistler 9273 piezoelectric
dynamometer. The force signals were transmitted to Kistler
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Table 1
Tool wear dimension and conditions in drilling
Tool conditions A B C D E F
Wear width i (mm) 0.15 0.20 0.25 0.10 0.15 0.20
Wear length j (mm) 0.5 0.5 0.5 1.0 1.0 1.0
Wear area (mm2) 0.075 0.100 0.125 0.100 0.150 0.200
Equivalent wear radius b (mm) 0.1545 0.1784 0.1995 0.1784 0.2185 0.2523
Specimen
Step Motor










Fig. 5. Schematic of ultrasonic C-scan.
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digital recorder subsequently. The drilling set-up used in
data collection is shown in Fig. 3. The twist drill of 6mm in
diameter with high-speed steel, and 1181 point angle was
used. The scheme of the tool wear for twist drill is shown in
Fig. 4. The worn zone is the product of the worn width (i)
by worn length (j). The equivalent worn radius (b) of a







The tool wear dimension and cutting conditions are listed
in Table 1. All drilling tests were conducted coolant free at
spindle speed of 1000, 1500 and 2000 rpm and feed rate of
10, 15 and 20mm/min.
3.3. Ultrasonic C-scan
Ultrasonic C-scan imaging is an effective nondestructive
technique (NDT) to evaluate drilling-induced delamination
in the aerospace, electronics and other industries. An
ultrasonic C-scan using the sound energy at frequencies
above 20 kHz to detect the defect of specimen is presented
in the current paper. The tested specimens immersed in
water were scanned at normal incidence in pulse—each
mode by means of a focused broadband transducer
(3.2mm diameter, 18mm focal length) with a center
frequency of 5MHz. The testing device consists of a
0.025mm resolution scanning bridge, a JSR-DPR002ultrasonic pulse generator/receiver and digital oscilloscope
used for radio frequency echo signal acquisition. The same
gate location and width were selected for all the post-
processing of data for reconstruction of delamination. For
currently available commercial scan systems, the amplitude
variations are generally scaled to values between 0 and 255,
and displayed on video in terms of gray or color scale. The
schematic of ultrasonic C-scan is shown in Fig. 5.
4. Results and discussions
Based on Eq. (10), the thrust factor (Z) is expressed by
the ratio of the experimental thrust force (Fexp) to the





Z41 indicates the actual thrust during drilling is larger
than the threshold thrust, hence the delamination is
produced. The results of thrust factor at various tool-wear
conditions are listed in Table 2. Fig. 6 depicts the
correlation between the experimental thrust forces of worn
twist drill varied with x. Based on the experiment, the tool
wear is considered a major factor contributing to the thrust
force. As illustrated in Fig. 6 and Table 2, Z41 occurs
throughout all the tested cases, it explicitly explains why
the worn drill bit almost exclusively causes delamination
damage during drilling and a sharp and wear-resistant tool
is desired. The correlation between thrust factor and wear
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Thrust factor Z (N/N)
A B C D E F
1000 10 58.4/34.19 ¼ 1.71 63.5/34.20 ¼ 1.86 67.0/34.23 ¼ 1.96 63.7/34.14 ¼ 1.87 65.4/34.16 ¼ 1.91 67.3/34.18 ¼ 1.97
1000 15 82.2/34.16 ¼ 2.41 89.9/34.18 ¼ 2.63 94.1/34.19 ¼ 2.75 88.0/34.14 ¼ 2.58 91.2/34.15 ¼ 2.67 94.4/34.16 ¼ 2.76
1000 20 101.6/34.15 ¼ 2.98 109.3/34.17 ¼ 3.20 116.8/34.27 ¼ 3.41 123.7/34.13 ¼ 3.62 125.8/34.14 ¼ 3.68 128.3/34.15 ¼ 3.76
1500 10 47.5/34.22 ¼ 1.39 50.7/34.24 ¼ 1.48 57.9/34.25 ¼ 1.69 46.4/34.14 ¼ 1.36 50.3/34.16 ¼ 1.47 53.7/34.18 ¼ 1.57
1500 15 71.3/34.18 ¼ 2.09 83.3/34.20 ¼ 2.44 88.3/34.20 ¼ 2.58 70.5/34.14 ¼ 2.07 78.0/34.15 ¼ 2.28 86.6/34.17 ¼ 2.53
1500 20 89.5/34.16 ¼ 2.62 94.6/34.17 ¼ 2.77 97.9/34.18 ¼ 2.86 84.8/34.14 ¼ 2.48 91.4/34.15 ¼ 2.68 106.9/34.16 ¼ 3.13
2000 10 37.6/34.30 ¼ 1.10 45.7/34.29 ¼ 1.33 53.7/34.27 ¼ 1.57 36.8/34.15 ¼ 1.08 40.3/34.16 ¼ 1.18 43.9/34.19 ¼ 1.28
2000 15 54.5/34.20 ¼ 1.59 65.3/34.24 ¼ 1.91 69.2/34.22 ¼ 2.02 61.3/34.14 ¼ 1.80 63.7/34.16 ¼ 1.86 66.2/34.18 ¼ 1.94
2000 20 68.2/34.18 ¼ 2.00 75.4/34.18 ¼ 2.21 85.3/34.20 ¼ 2.49 79.8/34.14 ¼ 2.34 82.9/34.15 ¼ 2.43 87.1/34.17 ¼ 2.55
Average 1.99 2.20 2.37 2.13 2.24 2.39

























 Equivalent Radius and Delamination Ratio ( = b / a)
Fig. 6. Correlation between the thrust factor of worn twist drill varying
with x.
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Fig. 8. Correlation between thrust factor and feed rate.
C.C. Tsao, H. Hocheng / International Journal of Mechanical Sciences 49 (2007) 983–988 987area is shown in Fig. 7. This figure indicates that the thrust
factor increases as the wear area increases. Furthermore,
the thrust factor rises rapidly as the wear length j, measured
from the wear zone, increases, particularly the smaller wear
length (j ¼ 0.5mm) is more sensitive than larger wear
length (j ¼ 1.0mm). Fig. 8 indicates the thrust factor
increases with the feed rate and Fig. 9 shows the thrust
factor decreased with the spindle speed. Drilling at faster
axial feed produces larger thrust force, hence more
delamination. The results agree with industrial experience.
The current study analytically and experimentally explains
how the drill wear significantly affects the drilling-induced
damage.
5. Conclusions
A comprehensive analysis for delamination caused by
wear of twist drill in drilling composite materials is
developed in the present study. The analytical results are
obtained based on classical elasticity, linear elastic fracture
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Fig. 9. Correlation between thrust factor and spindle speed.
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results demonstrate that though the critical thrust force is
higher with increasing wear, the delamination becomes
more liable to occur because the actual thrust force
increases with the wear to larger extent, as the thrust
factor (Z) illustrates. Compared to sharp drill, the worn
twist drill allows for lower feed rate below which the
delamination damage can be avoided. The results agree
with industrial experience. This approach can be extended
to examine the wear effects of various drills.
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